similar changes occur with CPAP delivered by endotracheal tube and CNP, we have studied the effects of these ventilatory techCardiovascular changes resulting from continuous distending niques in newborn lambs with normal lungs, alveolar pressure during endotracheal intubation (CPAP) and continuous negative pressure (CNP) were studied in two groups of healthy newborn lambs at 6 and 11 mm Hg and -6 and -11 mm
of infants with normal or improving lung compliance. The increase sion of a reservoir bag with an open tail piece and screw clamp. in venous pressures that occurs may contribute to the development The flow rate in the system from to 10 liters/min, T~ of intracranial hemorrhage in the neonate.
eliminate effects resulting from a specific sequence change, airway pressure was varied so that one-half of the animals were studied at 0, 6, 11, and 0 mm Hg, and the other one-half were studied at Continuous distending alveolar pressure by either continuous O, ,, 6, and mm Hg, The use of two control periods helps to positive airway pressure (CPAP) (7. 10) or continuous extrathor-provide evidence of stability of the animal preparation. Lambs in acic negative pressure (CNP) (4. 29) has been used in the man-the second group were studied in a modified negative pressure agement Of newborn with pulmonar~ and extra~ulmonary respirator' consisting of two compartments, a body compartment disorders. Despite the wide use of these modes of ventilatory connected to a motor-driven vacuum pump and a head cornpartassistance, our understanding of their effects on the newborn merit separated from the former by a diaphragm that fitted snugly 'ystem with different degrees Of lung com~liance around the neck of the animals, A continuous negative chest wall is incomplete. Various investigators have reported alterations in pressure of either -6 or mm Hg was applied in a random cardiac Output and Other hernodynamic variables such as heart fashion so that the animals were studied in the manner described rate, blood pressure, and venous pressure during for CPAP. Both groups of animals were breathing spontaneously both CPAP (9, 15, 17, 19, 21, 30, 31) and CNP (3, 4, 17, 19, 26) room air throughout the studies, but none have investigated the simultaneous changes in cardiac
Because it is the clinical practice to wait 15 to 20 min after a output and organ blood flows, nor have studies been done in change in or CNP before obtaining blood gas newborn animals. Using the radionuclide-labeled microsphere determinations, a 15-min period was allowed for stabilization after technique, we have shown that significant increases in each pressure change. Heart rate, systolic left ventricular pressure, venous pressures and decreases in cardiac Output and blood flows mean cephalic jugular venous pressure (JVP), and mean central to the choroid-retina and kidneys occur during the application of head-box CPAP in newborn lambs (8). T o determine whether ' Different from initial control values: P < 0.05. 
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Scandium, Cenum, or ""trontium were infused into the left Spectrometer System (model 5375).2 ventricle. The infusion sequence of the isotopes was randomly assigned. The method for the infusion and analysis of microspheres has been described in detail (25). Starting just before the microsphere infusion, samples were simultaneously withdrawn into counting vials under oil from both femoral artery catheters and the jugular venous catheter by a four-channel Harvard pump at a rate of 2.06 ml/min for 3 min. The disintegrations per minute in the arterial reference samples were determined and used for the calculation of cardiac output and regional blood flows, whereas the jugular venous samples were used to evaluate the magnitude of cephalic arteriovenous shunting of microspheres. Cardiac output, organ blood flows, and cephalic arteriovenous shunting were calculated as previously described (8).
Changes in intraesophageal pressure were monitored continuously in two lambs in the CPAP study and in five lambs in the CNP study. A latex esophageal balloon. 4 cm long and with linear responses over the range of pressures measured, was positioned in mid-esophagus and filled with 0.5 ml of air. The average intraesophageal pressure was determined at each level of pressure and is reported as the percentage of change from the initial control and the percentage of airway pressure transmitted. The latter was calculated as the ratio of the change in intra-esophageal pressure to the level of CPAP or CNP applied times 100.
The lambs were killed at the end of each experiment with the injection of a saturated KC1 solution into the left ventricle and immediately dissected for tissue preparation. The following organs were removed and weighed: brain, eyes, heart, liver, spleen, kidneys, and gastrointestinal tract. In the C N P group, adrenal glands and thyroid were also removed. Tissues and organs were placed directly into preweighed counting vials or, in the case of larger -Statistical analysis was performed using repeated measured analysis of variance followed by Student Newman-Keuls multiple comparison procedure. Nonpaired t test was used to compare baseline data from the two groups of lambs. Reported differences were considered significant at the 5% level. All mean values are reported as * S.E.
RESULTS
The baseline data from the two groups of newborn lambs have been compared to determine if the animals were similar, thereby permitting us to compare the results obtained. Although the weights of the lambs at the time of study were similar. 4.2 + 0.5 kg in the CPAP group and 4.0 + 0.5 kg in the CNP group, the former group were slightly older. 5.6 + 0.6 days (3 to 8 days) versus 3.8 * 0.5 days (2 to 7 days), respectively ( P < 0.05). Other baseline values obtained during the initial control period for both groups of lambs are presented in Tables I to 4 . Arterial blood gases and pH were normal in each group, indicating apparently normal ventilatory and acid-base balance. There was no statistical difference in cardiac output, heart rate, left ventricular pressure, central venous pressure, and the majority of organ blood flows.
However, there were significant differences. P < 0.05, in blood flows to the gastrointestinal tract, heart, and spleen. and in jugular venous pressure. These values were higher in the CNP group of animals in each instance. No significant differences were observed between the sequences of application of either endotracheal-CPAP or CNP. We, therefore, have grouped the data from each study ' Packard Instruments Co.. Downers Grove. IL Table 3 . Hemodynamic changes during the application of continuous negative pressure breathing 
ENDOTRACHEAL-CPAP GROUP
The hemodynamic changes observed in the lambs during CPAP breathing are presented in Table 1 . Arterial Po2, Pco~, and pH were unchanged, as were heart rate and mean left ventricular pressure. Cardiac output decreased 42 f 19 ml/min -kg during the application of 6 mm Hg, a fall of 16% ( P < 0.05). At l l mm Hg, cardiac output fell 47 f 28 ml/min-kg, or 15%, when compared to initial control values ( P < 0.05). When airway pressure was returned to zero at the end of each study, cardiac output returned to values that were not different from the original control measurements. CVP progressively rose with the application of increasing airway pressure. rising 3.9 + 1.4 mm Hg (44%) during the application of 6 mm Hg and 5.0 +-1.6 mm Hg (77%) with l l mm Hg ( P < 0.05). CVP returned to initial control values when airway pressure was removed. JVP responded in a similar fashion; however. the magnitude of change was not as great, increasing 2.4 f 1.4 mm Hg at 6 mm Hg (0.10 > p > 0.05), and 3.7 f 1.1 mm Hg at I I mm Hg ( P < 0.05). JVP also returned to a level similar to the initial control measurement in the final control period.
Blood flows to the organs evaluated during endotracheal-CPAP are presented in Table 2 . No significant alteration was observed in blood flows to the spleen, heart, brain, head, or left eye at either level of airway pressure when compared to control values. Although blood flow to the total gastrointestinal tract was unaltered at 6 and 1 1 mm Hg when compared to the initial control, there was a tendency to fall at the higher airway pressure, values being significantly lower than those obtained at 6 mm Hg. To further evaluate this, blood flows to specific areas of the gastrointestinal tract were analyzed. We found no significant alterations in blood flow to the small bowel, large bowel, or stomach. Renal blood flow also was unaltered at 6 mm Hg, but fell 0.22 ? 0. l 1 ml/min g or 14% during the application of I I mm Hg. This decrease in renal blood flow was of borderline statistical significance when compared to the initial control flow (0.10 > P > 0.05). but was significantly lower than blood flow at 6 mm Hg ( P < 0.05).
Hepatic blood flow fell during the application of both 6 and 11 mm Hg pressure ( P < 0.05).
C N P BREATHING
The cardiovascular changes observed during CNP breathing are presented in Table 3 . Arterial Pon, Pco2, and pH remained unchanged, as did heart rate, mean left ventricular pressure, and jugualr venous pressure. Cardiac output fell 29 + 15 and 24 f 19 rnl/min. kg from initial control values during the application of -6 and -1 1 mm Hg, respectively. This represents a fall of approximately 9% at both pressure settings, neither of which are statistically significant. When CNP was returned to zero at the end of eadh study, cardiac output reached values greater than the original control ( P < 0.05). Central venous pressure progressively fell with higher levels of CNP, decreasing 2.2 f 0.7 mm Hg (20%) at a pressure of -6 mm Hg, P > 0.05, and 3.1 ? 0.9 mm Hg (43%) at -1 I mm Hg, P < 0.05. During the final control period, CVP returned to a level similar to that observed in the initial control period. JVP was 9.1 f 0.5 mm Hg before the application of the
However, little data are available in the newborn. In a recent Regional blood flows measured during CNP breathing are study in newborn lambs, a 20% fall in cardiac output occurred presented in Table 4 . No significant change was observed in blood within 15 min after the application of 6 and I I mm Hg with a flows to the kidneys, liver, heart, head, brain, left eye, thyroid head-box apparatus (8). This is similar to that observed in the gland, or adrenals at either pressure setting when compared to present study during the application of the same levels of endocontrol values. Blood flow to total gastrointestinal tract fell 0.33 tracheal-CPAP. The decision to measure cardiac output at 15 min + 0.10 ml/min-g (25%) at -6 mm Hg ( P < 0.05). With the was based on the common clinical practice of evaluating arterial application of -I I mm Hg, gastrointestinal blood flow was only blood gases in infants 15 to 20 min after making a change in 670 less than control values, a change that was not significant. CPAP. King et al. (18) also found a fall in cardiac output in the When blood flows to specific areas of the gastrointestinal tract adult at 20 min. Inasmuch as the microsphere technique provided were analyzed at -6 mm Hg, it was found that the reduction in a limited number of observations, it is possible that this fall may blood flow occurred in the large bowel. With the removal of CNP, have been transient. gastrointestinal blood flow returned to initial control values.
The reduction in cardiac output that occurs during the appliSplenic blood flow progressively fell with greater negative pres-cation of CPAP in the normal newborn lamb may be explained sures, decreasing 1.78 + 0.83 ml/min.g, or 39% at -1 l mm Hg by postulating changes in lung mechanics. When distending air-( P > 0.05). Blood flow failed to return to control levels with the way pressure is applied in patients in whom the functional residual removal of CNP; however, the difference was not statistically capacity is either normal or high. it may result in a fall in cardiac significant.
output, an increase in intrapulmonary shunting, and the subsequent decline in peripheral oxygen delivery. Our studies in the ESOPHAGEAL PRESSURES normal newborn lamb confirm the reduction in cardiac output. In the two lambs in whom intraesophageal pressure was contin-Blood volume, venous tone, and myocardial function also are uously monitored during CPAP, 58% of the airway pressure was extremely influential in the cardiovascular responses to CPAP. transmitted at 6 mg pressure, whereas 32 and 46% were transmitted Qvist et a/. (22) found that not only did cardiac output fall during at I I mm Hg. Absolute intraesophageal pressure increased 70% positive end expiratory Pressure, but that there was no circulatory from control pressures with either 6 or I I mm Hg in both animals. compensation as 10% as the Pressure was applied unless blood In the five lambs studied with continuous monitoring of intrae-volume was augmented. Thus. in the presence of hypovolemia or sophageal pressure during CNP breathing, 53 and 74% of the shock, states common to the sick infant. the deleterious effects of airway pressure were transmitted at -6 and -11 mm Hg, respec-CPAP on cardiac output may be even more profound.
tively. Absolute intraesophageal pressures fell 56 and 93% from
In CNP in animals, little Or no change in cardiac control pressures with -6 and -I I mm Hg, respectively. output has been reported (19) . We also found that cardiac output does not change significantly. The 9% fall is less than that seen
DISCUSSION
with the application of CPAP by either head-box (8) or endotracheal tube and is similar to that reported by Krumpe et al. (19) . Continuous distending airway pressure is commonly used in the CVP has been described as rising progressively with increasing treatment of pulmonary and extrapulmonary disorders of the levels of applied airway pressure in adults (15, 17) . In a compliant newborn (4, 5, 7, 10, 16, 29) . In view of the potential hemodynamic lung, this is likely the result of overdistention of alveol~ and effects that may result from the use of either CPAP or CNP, we pulmonary vascular compression, both of which might result in a studied the cardiovascular responses to continuous distending fall in cardiac output and the subsequent decrease in venous alveolar pressure in healthy newborn lambs. In any animal study, return to the right heart. Although CVP has been monitored it is important to establish and verify that the animal preparation during CPAP administration, few studies have measured simulused is as "nearly" physiologic as possible. Inasmuch as we were taneously both CVP and JVP. In a recent study in newborn lambs, studying cardiovascular responses, we chose to use low doses of CPAP applied with a head-box apparatus (8) resulted in changes chloral hydrate because it has relatively few known direct effects in CVP that were similar to those found in the present study. an on the cardiovascular system (12). The stability and validity of increase of 3 to 5 mm Hg. However, the rise in JVP was substanour animal model are supported by the observation that the tially greater in both studies and 6-fold greater with head-box measurements of cardiac output, blood pressure, and arterial CPAP than endotracheal CPAP. It is likely that the higher JVP blood gases are similar to those reported in chronically instru-seen during head-box CPAP reflected the sum of the extrinsic mented lambs of similar ages (30) . Moreover, the values obtained pressure collapsing the neck veins and the increase in CVP. during the final control period are similar to those during the whereas in the present study, the increased JVP is a reflection of initial control period, with the exception of a significantly higher only transmitted airway pressure. Hence, the application of CPAP cardiac output in the C N P group. Other than this alteration, there may cause an increase in JVP and CVP, a decrease in venous is no evidence of hemodynamic deterioration during the course of return to the heart, and the fall in cardiac output noted earlier. these studies.
These alterations in venous pressures may be important in the A question of the validity of our use of femoral arterial reference pathophysiology of intracerebral hemorrhage in the preterm insamples for the calculations of cardiac output and upper body fant. Recently, Reynolds et al. (23) have reported that in the fetal regional blood flows might be considered in light of the report by lamb the combination of asphyxia with increases in either arterial Buckberg et al. (2) . In that study, they observed significant differ-or venous pressures results in intracerebral hemorrhages and ences in reference samples obtained from the carotid and femoral dilation of the thin-walled cerebral veins at sites similar to that arteries, the former usually lower. In contrast, Hales (1 1) has found in the preterm infant. The maximum pressure reached in reported more recently similar values for cardiac output calculated the superior vena cava in their studies was 12 to 13 mm Hg, a from reference samples obtained from either a common carotid or value similar to that found in JVP in the lambs receiving either femoral artery in sheep. This is further supported by our obser-endotracheal or head-box CPAP (8). It would appear from these vation in sheep of a lack of difference in arterial reference samples studies and others (1, 28) just before their intracerebral hemorrhage. This sudden change in oxygenation may have reflected an improvement in lung compliance, which in turn would have allowed greater transmission of airway pressure. Although CVP rises with CPAP, it has been observed to fall during CNP (26). In the present study, its fall paralleled the changes in intrapleural pressure. JVP, on the other hand, was not altered. However, the level of JVP during the control period was greater than that observed with endotracheal CPAP and most likely is due to the tight application of the neck diaphragm necessary for the proper function of the ventilator. This is substantiated by the 43% increase in JVP that was seen after applying the diaphragm. The high JVP maintained during CNP also may sus. J. Pediatr.. 92: 467 (1978 breathing (6, 20) . The removal of airway pressure in these studies resulted in rapid improvement of renal function. Our finding of a prompt return of renal blood flow to control values after the removal of CPAP may explain these observations. Although there was not a statistically significant change in blood flow to the gastrointestinal tract during the application of endotracheal CPAP, there was a tendency to decrease at the higher airway pressure. Similarly, blood flow was found to fall during the application of -6 mm Hg CNP, when cardiac output also had fallen slightly. In this case, the alteration in organ blood flow is greater than the measured fall in cardiac output. In either case, this may be accentuated in the presence of hypovolemia, shock, or asphyxia and may contribute in some infanis to the development retina fell during head-box CPAP (8). We speculated at that time with normal or near normal hngs mav lead to ~otentiallv dan-27. ~o o i e r .
w.: Buckwald. S., a& ~g a n , '~. :
he ~nterrelationship of intraventricular " , gerous situations. Because the newborn lamb may develop hyaline membrane disease when delivered prematurely, further studies should be considered to assess the hemodynamic changes with continuous distending alveolar pressure in animals with hyaline membrane disease.
